JOCHEN D., DANIEL BURKHOFF, DAVID A. KASS, JOE ALEXANDER, JR., JO~HEN SCHAEFER, AND KIICHI SA-GAWA. Hemodynamic dependence of myocardial oxygen consumption indexes. Am. J. Physiol. 258 (Heart Circ. Physiol. 27): H1281-H1291, 1990.-We tested the afterload and contractile state dependency of three indexes of myocardial oxygen consumption (MOON): total energy requirement (Et), pressure work index (PWI), and pressure-volume area (PVA). Mvo2 was measured in seven isolated canine hearts at four or five different end-diastolic volumes at each of three settings of afterload resistance and with the hearts contracting isovolumically. In several hearts, contractility was also varied by dobutamine infusion. Measured Mvo2 (MM+,,) was compared with values predicted ( PMqO,) by each index. There was always a high degree of correlation between MMco, and PMvO, for each of the indexes. However, there was a large degree of variability in the coefficients of the MMQ~,-P,vqz relation from one heart to another. We also observed a statistically significant influence of both afterload and contractile state on the predictive power of each of the indexes. Thus each index that we tested had shortcomings in being able to' predict MvoX accurately over a wide range of hemodynamic conditions. pressure-volume area; afterload; preload; contractility; heart rate; force-time integral CENTRAL TO THE ANALYSIS of ventricular energetics is the measurement of myocardial oxygen consumption (MAO& (8) . This is because under aerobic conditions, MOON is closely linked to the utilization of ATP, which is the heart's principle source of chemical energy. Although the measurement of Mvo2 is relatively simple in the isolated heart and in extensively instrumented animal preparations, it is difficult to measure MVO~ in the closed-chest animal or in patients. Therefore, several predictors of Mvo2 have been proposed, which are based on more easily measured physiological signals. For the most part, each index attempts to quantitate total mechanical energy liberated by the heart, assuming that total mechanical work done by the ventricle correlates closely with MVo2.
There have been over 25 different indexes of MVoS proposed over the past 70 years (1) . In two earlier studies (1, 14) , the ability of many of these indexes to predict measured Mvoz was compared under wide ranges of contractile states and loading conditions. However, no study has ever been done to specifically test whether the 'f Deceased 22 August i989.
relation between measured and predicted Mvo2 is influenced either by afterloading conditions or contractility. Furthermore, the interanimal variation in the ability of these indexes to predict MVO, has been investigated in only one previous study (21) . Despite this, it is claimed that some of these indexes are insensitive to load and contractility.
The purpose of the present study was to test and compare the predictive power of three different indexes of MVO~ in hearts contracting under a very wide range of hemodynamic conditions. We chose three indexes of MVO~ that have been investigated recently. The first of these was total energy requirement (E,), which was proposed by Bretschneider (4) . E, is the sum of five factors, each of which accounts for the energy required for a different process during a cardiac cycle. Next was the pressure-work index (PWI) proposed by Rooke and Feigl (14) . This index is equal to the rate-pressure product plus two additional terms that account for external work and basal metabolism. Finally, the pressure-volume area (PVA) index developed by Suga et al. was chosen (21). This index has been proposed as a measure of the total mechanical energy liberated by the ventricle during a beat and has been shown to be linearly correlated to MVoZ.
The predictive abilities of these indexes have never been compared with each other under comparable experimental conditions. Isolated hearts were used in this study because Mvo2 can be measured accurately, the ventricles can be loaded in a physiological manner, and hemodynamic conditions can be defined precisely and varied over wide ranges. Measurements of MVO~, made at different afterload resistances and contractile states, were compared with values predicted by each of the three indexes.
METHODS
Surgical preparation. A total of seven isolated canine hearts was studied. The procedures used to isolate and support a canine heart were similar to those described by Suga and Sagawa (19) . A schematic of the preparation is presented in Fig. 1 . A pair of mongrel dogs was anesthetized with pentobarbital sodium (30 mg/kg iv). The femoral arteries and veins of one dog (support dog) were cannulated and connected to a perfusion system that was used to supply oxygenated blood to the isolated heart. The chest of the second dog (donor dog) was opened 100% 0, saturation of the arterial blood during periods of data collection. Left ventricular oxygen consumption was calculated from the measurements of coronary blood fl .ow and AVOW as described below. under the right ventricular apex and extending into the right atrium, was used to collect coronary venous blood flow.
mechan .ical
The right side of the heart was made airtight by ligation respiration, and the heart was removed while metabolically supported by arterial flow from the support dog. The left atrium was opened, and all the chordae tendineae were freed from the mitral valve leaflets. A metal adapter that held the isolated heart to the ventricular volume servo-pump system (described below) was sutured to the mitral ring. A cannula, placed through of superior and inferior vena cavae. When the surgical preparation was complete, a water-filled latex balloon, connected to the servo-pump system, was placed inside the left ventricular cavity. A micromanometer (Millar PC-380) placed inside the balloon was used to measure left ventricular pressure (LVP). windkessel parameters can be controlled from the computer keyboard, providing a means of altering afterload impedance.
weight of 125 t 9 g obtained from donor dogs with a Filling of the ventricle during diastole is accomplished by the computer that switches to a simple filling circuit consisting of a pressure source and filling resistance. mean body weight of 20.9 t 0.8 kg. The hearts were Experimental protocol. Experiments were performed paced at a constant rate (121 t 6 beats/min) chosen to on seven isolated hearts with an average left ventricular be approximately 10% above the spontaneous heart rate at the onset of the experiment.
At a given setting of afterload we collected data at four or five different enddiastolic volumes. Over the course of the experiment, R, The flow of coronary venous blood draining into the Coronary artery blood flow was regulated by a pulsatile pump that controlled the flow rate from the support dog. right side of the heart was measured continuously by an electromagnetic flowmeter (Narco Bio Systems, RT-400). This flow represents total coronary blood flow (CBF) to both right and left ventricles except for the small amount of Thebesian flow draining directly into the left ventricle. The Thebesian portion of blood flow was set at 1.5,3.0, and 6.0 mmHg l so ml-', and in addition was neglected, since this has been shown to comprise a very small proportion of the total flow (12). the heart was constrained to contract isovolumically. To The difference in oxygen content between arterial and avoid introduction of sequence-related bias into the data, we randomized the order in which the preload and aftercoronary venous blood (AVO& was measured continuously by absorption spectrophotometry [A-VOX Systems somll, 33 with an R, of 3.0 mmHg* so ml-', and 35 with an R, of 1.5 mmHgsoml-l.
Bretschneider's total myocardial energy demand, E, (4, 11) , is given by In four hearts, dobutamine (0.5 ,ug/min ic) was administered and heart rate simultaneously increased to 166 t 6 beats/min with R, set at 3 mmHg* so ml-'. These data and the data obtained during control conditions defined above (with R, = 3.0 mmHg* so ml-') were used to investigate the effect of the contractile state on the predictive power of the MTjoS indexes. where E t = EO + E, + E2 + E3 + E,
After any change in preload or afterload setting, or in heart rate and contractile state, data were recorded only after steady state was achieved in every signal monitored. This usually required about 4-5 min after a change.
At Calculation of actual LVMVO~. The MVO~ of the entire heart, i.e., of the LV plus the right ventricle (RV) (expressed in ml OJmin), was equal to CBF l AVO~. However, we were interested in that portion of the oxygen consumed by the LV. To correct for this we assumed [as has been assumed by Suga et al. (16, al) ] that the RV was mechanically unloaded (i.e., not performing any external work) and consumed an amount of the total MvoP determined when the LV was also mechanically unloaded, which was proportional to the RV weight, and that this amount was independent of the loading conditions on the LV. Accordingly, the RV MVO~ was estimated by multiplying total heart unloaded MVO~ (i.e., MOON when both LV and RV are mechanically unloaded) by the factor Wrv/(Wlv + W,,), where WI, was the weight of the LV (LV free wall and septum combined), and Wrv was the weight of the RV free wall. Total heart unloaded Mvoz was estimated as the y-axis intercept of the relation between measured total heart MVO~ vs. left ventricular pressure-volume area (see below for definition). RV MOON determined in this manner was considered to be independent of LV work load and was subtracted from whole heart MOON determined under the various work loads, and the result was defined as LV MVoS. A new estimate of RV MOON was made each time afterload was altered (as well as after administration of dobutamine) to account for fluctuations in base-line contractility that may have occurred during the time of the experiment, since fluctuations in contractility would influence RV MOON even in the absence of active RV work.
All values needed in these equations can be obtained from the ventricular pressure tracing and from the heart rate. Because both TS and TE can be estimated directly from the heart rate, all elements of the equation can be evaluated under isovolumic conditions, and therefore Et should be able to predict Mvo2 even under this extreme in loading conditions (personal communication, BretSchneider).
Rooke and Feigl (14) proposed PWI as a predictor of MVo2 where DBP is aortic diastolic blood pressure (mmHg); SV, stroke volume (ml); and BW is body wt (kg).
Calculation of predicted MVo2. The actual MVoz calculated in the manner described above, was compared with each of the three predictions of MVO~ consumption.
In the following paragraphs we will explain how MVO~ was predicted from measurements of ventricular pressure, volume, and other readily measured physiological parameters using the three different indexes.
In our isolated heart preparation contracting against a computer-generated windkessel impedance, it was convenient to determine the systolic and diastolic pressures directly from the ventricular pressure tracings as follows. Systolic blood pressure was set equal to the peak left ventricular pressure. This is valid since, during ejection, proximal aortic and ventricular pressures are identical in the computer-generated afterload. Diastolic blood pressure was set equal to the ventricular pressure at the onset of ejection. This is valid since ejection begins at the point when ventricular pressure just slightly exceeds aortic pressure. Stroke volume was determined directly from the ventricular volume signal. It should be noted that under isovolumic conditions, the second term of Eq. 2 becomes zero, and there is therefore no problem, in principle, in applying the equation to isovolumic conditions.
Suga et al. (21) proposed that Mvo2 could be predicted from the PVA (in mmHg~m1~ 100 g-') according to the following equation
where E,, is the slope of the end-systolic pressure-volume
relation (mmHg l ml-' . 100 g); A is 1.8 X 10y5 ml 0,. mmHg-' . ml-';
If the above analysis revealed a significant interaction B is 2.4 x 10B3 ml OZ. beats-l. mmHg-lo effect, paired comparisons between regressions (by coml. 100 g-l; and C is 1.4 X 10B2 ml 02*beats-'. 100 g-l. variance analysis) were performed using the Bonferoni E,,, the slope of the end-systolic pressure-volume recorrection for multiple comparisons. lationship (ESPVR), was calculated for each beat as The validity of the normalization procedure stemmed indicated by Suga et al. (17, 21) by taking the slope of from the fact that for an individual heart, linear transthe straight line connecting the end-systolic pressureformation of the data did not alter the statistical charvolume point of the given beat to Vo (volume axis interacteristics [i.e., standard estimated error (SEE) or corcept of the ESPVR) relation coefficient ( r2) value], nor did it alter the relative E = pes/wes -Vo) (4) influence of afterload change. The process did help mines imize differences between animals (which was its purwhere Pes and Ves are end-systolic pressures and volumes, pose), and thus reduced the disparity between individual respectively, measured from each beat. Pes and Ves were dog regressions and regressions on the pooled data. This defined as the point on the P-V loop at which the LVPprocess then enabled the separate influence of afterload to-LVV ratio was maximum for a given beat. VO, the to be assessed from the total group data. The influence volume at which end-systolic pressure is 0 mmHg, was of contractility on the MVo2 predictors was performed estimated for each hemodynamic condition by linear in a similar manner to that described above for afterload. extrapolation of the end-systolic pressure-volume data to the volume axis. In addition, the value of Ees deter-RESULTS mined from Eq. 4 was normalized to 100 g left ventricular mass.
Pressure-volume area was calculated by numerical (computer) integration, as outlined previously by Suga et al. (16) of the area bounded by the ESPVR, the systolic portion of the P-V loop, and the end-diastolic pressurevolume relation (which was presumed to be a straight line connecting the end-diastolic pressure-volume point to the V0 point). PVA was also normalized to 100 g left ventricular weight (21). Statistics. Linear regression analysis was applied to the MM~T~$'M+~~ data points obtained in each heart under each afterload condition to test load dependence of each predictor in individual hearts. To test whether there was any consistent influence of afterload between hearts we eliminated interanimal differences between hearts by a normalization procedure (see below), pooled data from each afterload, and, finally, applied analysis of covariante.
The normalization procedure was executed as follows.
Influence of afterload. The contractile state, as quantified by Ees and Vo, and MI702 measured with the heart beating but mechanically unloaded (MVo2 J from the . seven hearts studied in this series are presented in Table  1 . Ees ranged from 3.69 to 7.57 mmHgJ00 g-ml-' (mean 6.3), and Mi702 o ranged from 0.0186 to 0.0455 ml 02* beat?. 100 g-l (mean 0.0331). These ranges and average values are very similar to values obtained in isolated hearts by Suga and co-workers (16, 20). The average (+-SD) ejection fraction measured from these hearts at an end-diastolic volume between 35 and 40 ml and an afterload resistance of 3 mmHg* sml-' was 37 t 5%; under these conditions, the average end-systolic pressure was 90 t 12 mmHg.
Results from a typical experiment are shown in Analysis of covariance applied to this tions was obtained by linear regression PMvo, = a MMvo, single heart's data set revealed that the MMvo,-PMvo, + b. When these a and b coefficients are applied, a linear relationship was influenced by afterload (P < 0.01) in a transformation on the predicted Mvo2 data was perfew of the cases. However, despite the statistical signififormed such that the resulting data for the isovolumic conditions now fell along the line of identity: PMvo,nnrm = (P MTjoo -b)/a. This same linear transformation was&en applie&d to all the PMvo, data for that same heart under the three additional afterload conditions.
After the PMvo, data from each heart were transformed, data from all the hearts were pooled. The pooled regression between measured and transformed predicted Mvo2 data for isovolumic conditions was the identity line and served as a standard for comparing the effect of afterload. The influence of afterload was then assessed by an analysis of covariance (SY STAT), coding afterload from low to high by a dummy variable (O-3). Tests for a significant interaction effect between afterload and the slope of the M Mvo,-PMvo, relationship were performed. If there was no interaction, then tests for a significant influence of afterload on the regression offset were made. cance of such differences in this heart, as seen in the cases. This indicates that from one heart to the next graph, there is essentially no physiological significance there is considerable variation in the MMvo,-PMvo, relato these differences. In this representative example, the tionship. There was relatively little variation in r2, indiMMvo,-PMvo, relationship was different for each of the eating that under all conditions the relationship was indexes. Et tended to underestimate actual Mvo2 (on represented very well by a linear relation for all of the average for this heart, PM+,, = 0.87MMir,, -0.65, r2 = parameters at each of the loading conditions. The aver-0.94), PWI had a greater than unity slope but had a aged and pooled data shown at the bottom of Table 2 negative y-axis intercept (PM+,, = 1.27M~vo2 -1.39, r2 will be discussed below (Pooled data). = 0.94), and PVA provided an estimate very close to A graphical representation of the statistical analysis M MiTo, (P M?o, = l.O5MM+o, -0.37, r2 = 0.95).
used to test for afterload sensitivity of the PVA-based A summary of the data obtained from all seven ven-prediction of MVo2 is shown in Fig. 3 . The pooled, tricles is shown in Table 2 . For each value of R,, we linearly transformed data (see METHODS) obtained from present the average (+ SD) slope (m), intercept (b), and all seven hearts under isovolumic conditions are shown correlation coefficient ( r2) of the MM+o,-PMvo, relationin Fig. 3 , top left panel. The normalization parameters ship for each predictor. As shown, for a given predictor, were derived for each heart using the isovolumic data there is relatively little variation in the mean coefficients such that the relation between MM+02 and transformed from one afterload to another. However, it should be PMvo, under isovolumic conditions would be the line of noted that the standard deviation about the mean is identity. This was accomplished, as shown, and furtherrelatively large for the slope and intercept values in all more this normalization procedure reduced interanimal variation of the relationship greatly. Also note that while determined under ejecting conditions for the other values of R, are shown in remaining panels Fig. 3 . For each afterload, the regression line fell slightly above the line of identity. We used analysis of covariance to test whether any of these deviations from the isovolumic data were statistically significant, and the results showed that the relationship obtained with R, set at 3.0 mmHg+ ml-' was significantly different than that obtained under isovolumic conditions (P < 0.01). Further analysis also showed that the relationships obtained at R, values of 3.0 and 1.5 mmHg* so ml-' were significantly different from each other (P < 0.01).
A summary of the influence of afterload on the MMvo2-normalized P Mvo, relations for each of the three indexes is presented in Table 3 . As shown, the relations obtained under isovolumic conditions and with an R, of 3.0 mmHg* ~rnl-~ were different for both PVA and PWI indexes, whereas the relations obtained with R, values of 3.0 and 1.5 mmHg . so ml-' were different for all of the indexes.
Influence of contractility. The average results of the series of hearts in which we assessed the influence of dobutamine infusion on the predictive ability of each of the indexes are presented in Table 4 . All of these experiments were performed under ejecting conditions with an R, value of 3.0 mmHg l so ml? The slope (E,,) was increased from an average of 6.15 to an average of 11.18 mmHg* 100 g*ml-'. There was a consistent near parallel rightward shift in the M M\jo,-PMvo, relations with increased contractility for both Et-and PWI-based predictions of MVO~ (little change in mean slope, relatively big change in mean y-axis intercept) in each of the hearts. In contrast, the average M Mvo,-PMvo, relationship for the PVA-based prediction deviated significantly from that of base-line conditions, and there was a significant decrease in the linear correlation coefficient.
Of note, we originally studied five hearts in this protocol. However, there were three data points at the increased contractile state from one of these hearts for which PVA gave predictions of MOON that were far from the measured M'ijo2 (P Mvo,/MMvo, > 5) and were excluded from analysis. These outliers are discussed further below. As a result of these outliers, there were useful data from only four of the hearts for analysis of the PVA index of MOON. To ensure that the results of our comparison of indexes were based on the same set of data, analysis of PWI and E, predictors was based on data from the same four animals as were used for the PVA analysis. Therefore, the analysis presented above for the influence of contractility is based on data from only four of the five ventricles studied.
Results of the statistical analysis to test for a consistent influence of contractility on the predictive power of each of the indexes is summarized in Fig. 4 and Table 5 . In each case, the data were transformed such that the MMvo2-normalized PpvIvo, relation under control conditions would fall on the line of identity in each heart, and then the data were pooled. For both E, and PWI, analysis of covariance revealed a statistically significant decrease in offset value but not slope of the relation at enhanced Table  5 for quantitative summary of data. Data were normalized such that the MMvo,-normalized PMvO, relation was unity in the control contractile state ineach heart, and then data from all hearts were pooled. * Elevation of the relation was significantly under control different from that measured of covariance (P < 0.01).
contractile states compared with control conditions. For PVA, however, there was no statistically significant deviation of the relation at the enhanced contractility. Note, however, that there was considerable scatter in the MMvO,-normalized P Mvjo, relation measured under dobutamine as indicated by a&relatively low value of r2.
contractile state by analysis R, value of 3.0 mmHgs.ml-', and the third was obtained during isovolumic conditions. Thus the common hemodynamic features of the beats in which this occurred were relatively low end-systolic ventricular volumes and/or high contractile states. Under such conditions E,,, as calculated from Eq. 4, is highly sensitive to the value of VO. If it happens that the value of Vo determined by linear regression from the group of end-systolic pressurevolume points is very similar to the lowest values of endsystolic volumes measured experimentally, then a very large (or even negative) E,, can be obtained falsely from Eq. 4. This results in an erroneously large prediction of Mvo2 (Eq. 3). Such outliers were excluded from the analysis presented above; furthermore, these same points were excluded from analyses involving PWI-and E,-based predictions of MVo2 to ensure that all results obtained were from the same data base. There were no outliers encountered for the PWI-or Et-based predictions of MVO~.
Pooled data. We present two ways of looking at the overall predictive power of the three indexes at the bottom of Table 2 . First, we present the average coefficients of the MMvOz-PMvo, relations obtained under the various afterloading conditions. Second, we pooled the raw data points from all hearts and all afterloading conditions and then applied linear regression analysis. As shown, there is a very large difference between the average regression coefficients and the regression on the pooled data. This indicates that the MMvo,-PMvo, relations differ significantly from one heart to the next (a conclusion also supported by the large standard deviations of the regression parameters, as discussed above). Figure 5 shows data pooled from all hearts, all afterload conditions, and all contractile states. In all, there are 153 individual determinations of MVo2 that comprised the data base. The results of linear regression analysis are presented in Table 6 . Inclusion of the contractility data significantly broadened the range over which measured MVo2 varied. This had the effect of "improving" the MM\jo,-PMvo, relation for each of the indexes, in the sense that they became closer to the identity line and had higher r2 values (compare the "pooled" results in Table  2 with the results of Table 6 ).
When analyzed in this manner, the PWI-and PVAbased predictions of MVo2 provided regression lines that were very close to the line of identity. Et-based predictions consistently underestimated measured MVo2.
Outliers. When using the PVA-based predictor of Mvo2, we encountered a few predictions that were very far from the measured values. This was the case for six 
DISCUSSION
We compared the hemodynamic dependencies of three predictors of Mvo2. We chose indexes based on Et, PWI, and PVA because they have each been shown, in different preparations, to provide excellent estimates of MVo2, they have received considerable attention in the literature previously, and th .e predictive power of the most recent of these, PVA, has never been compared with other indexes using the same data set. We did not explore the predictive power of the numerous other indexes because in previous reports PWI and Et have been shown to be superior to these other indexes (1, 14) .
Our results show that in every heart the correlation between observed and predicted Mi702 was high for each of the indexes. There were statistically significant influences of afterload resistance on the MMvo,-PMvo2 relationships, indicating that changes in afterload can affect the predictive power of these indexes of MVo2. In some instances this effect was considerable (see Fig. 3 and Table 3 ). Changing contractility also created differences in the MM+o,-PMvo, relationship, mostly manifested for Table 6 for quantitative results. Table 2 .
the Et and PWI indexes as a rightward parallel shift. Our analysis also revealed that there was considerable variation among hearts in the relation between measured and predicted MVO~ for all of the predictors. As a result, the average regression coefficients of the M,vY2-P,,,, relation for the individual hearts were quite different than those obtained when linear regression was applied to data pooled from all hearts. In most of the previous evaluations of the predictive power of indexes of MOON, the strategy has been to collect data from many hearts over a wide range of MvoS values and apply linear regression analysis (or some other statistical analysis) to the pooled data (1-3, 21, 23). This would be similar to the results we present in Fig. 5 and Table 6 , in which each predictor provided a highly correlated estimate of measured MOON. Our results suggest that such an approach obscures heart-to-heart variations in the MM+,,-PMQ~, relationship. Suga et al. (21) also observed a heart-to-heart variation in the predictive power of MVO~ by PVA. Furthermore, Suga and colleagues (13, 16, 21) have repeatedly noted significant interanimal variations in the MVO~-PVA slope and intercept values, as well as some variations in the response of the MVO~-PVA relation to changes in inotropic state in the in situ dog heart (13). Burkhoff et al. (7) have also reported significant interanimal variation in the relation between contractile state and the intercept of the MVOZ-PVA relation. Several explanations have been proposed to explain th .is interanimal variation, but the actual underlying reason has not been identified. It could be simply that there is significant biological variation inthe quantitative relationships between work load and MVO~. Additionally, metabolic substrate utilization may vary from one experiment to another, and thus the proportion of ATP generated from breakdown of free fatty acid, glucose, acetate, pyruvate, etc, may differ; since the amount of ATP generated per mole oxygen consumed varies among these substrates, the MMQ~~-PM+~, relationship would be expected to vary. However, the-degree of interanimal variation we observed is far greater than the known differences in the ratios between ATP production and oxygen consumptions. We do not believe that methodological differences between our preparation and those used by other investigators contributed to our conclusions. MVO~ predicted from PVA were fairly accurate on the whole, at least when all the data are pooled (Table 6 , Fig. 5 ). This should be expected, since our preparation is very similar to that used by Suga to obtain the parameters of the predicti .on equati .ons. Despite our preparation being very different than that used by Rooke and Feigl (14), PWI provided as good a prediction of MVO, as PVA (Table 6 , Fig. 5 ). There was a consistent and significant underestimation of MVO~ by & in all the hearts studied. The fact that Mvoz values predicted by the other two indexes were fairly accurate makes this underestimation real and considerable. Because the main effect was one of a reduced slope of the MMvo,-Ppylvo2 relationship without a significant offset, this problem could be easily compensated for by multiplying the equation for E, by a constant value to improve the value of the slope. We do not view this problem as a significant barrier to using Et, since the correlation coefficient and the afterload dependency for E, were similar to those of the other predictors.
We encountered diction of MVO~ at a problem using the PVA -based prethe high contractile state and at low volumes, which was not encountered in the other indexes. This appeared to be related to the high sensitivity of the estimation of E,, from beats with low end-systolic volumes and/or high contractile states. As a result, there were six individual predictions (from a total of 159) that were outliers. This may have happened because we estimated V0 by linear extrapolation of the ESPVR to the volume axis instead of actually measuring it as is done by Suga et al. (17, 21 ). This situation is not likely to occur under in situ conditions, since it is generally not possible to reduce end-systolic volume to the extent we can in the isolated heart.
It is interesting that the three indexes provide similar degrees of correlation between MMvo2 and PpyIvO, despite their being based on seemingly unrelated measures of ventricular performance. Bretschneider's E, consists of five additive components, each considered to represent the energy consumption for a different process during the cardiac cycle: basal energy consumption, energy for electrophysiological processes, energy for maintenance of tension during systole, energy for tension development during isovolumic contraction, and energy for inactivation of the contractile system. With this approach dP/ dt,,, is the index of contractility and therefore the only measurement needed for assessment of this index is high fidelity left ventricular pressure.
Rooke and Feigl's (14) PWI index consists of three additive components. The first of these is the systolic pressure-rate product which, by itself, has been shown to be a poor predictor of MVO, (L-3, 14) . The predictive power was improved when two more terms were added that accounted for left ventricular external work and for basal metabolism. The increased accuracy of PWI, however, is achieved with the additional requirement of having to measure stroke volume, which is not always possible under in situ conditions.
The PVA based index also consists of three components. One may be referred to as the PVA-dependent MVO~ (A .HR=PVA) and accounts for the amount of oxygen utilized for the total mechanical energy liberated by the heart during systole. .0 were signifibecome zero when the heart rate becomes zero. This is not the case in reality (e.g., with K+ arrest), and neither the PWI nor the Et equation makes this incorrect prediction. The reason the formula takes the form that it does is probably because Suga et al. (18) have shown that within the range of heart rates that the isolated heart typically operates (between 100 and 180 beats/min), the relationship between MAO, (expressed in ml OZ/beat) and PVA is independent of heart rate when MVO, is expressed on a per beat basis. As a consequence, Suga's equation cannot apply under all circumstances.
Equations of the form PMqO, = (A*PVA + B*E,,,)HR + C or P M+o, = (AOPVA + BOE,,, + C)HR + D are likely to be more generally applicable. Unfortunately, there are no published data from which parameter values for these equations can be ascertained prospectively.
The data of the present study cannot be used to generate these parameters values because we did not change heart rate in individual hearts.
Recently, Hasenfuss et al. (9) Table 2 ). However, when data obtained under enhanced contractile state were included in the regression (filled triangles, solid line), the r2 decreased to 0.58, which is significantly worse than all of the other predictors of MOON (see Table 6 and .
an identical statistical analysis on the MVo2-FTI rela-32.7 (r2 = .0.58). See text for further discussion.
regardless of contractility. This approach is contrary to the known contractility dependence of the MVO~-PVA relationship, which is accounted for in Eq. 3 used in the present study (21). Additionally, V0 was assumed to be zero for calculations of PVA. This assumption is almost certainly not reasonable (6) and could impact significantly on the conclusions, particularly when data are pooled from different patients with varying degrees of cardiac dilatation. Thus their analysis does not provide a fair or meaningful test of PVA. Furthermore, our results show that when using FTI (or STI) as a correlate of Mv02, the parameters of the relationship must be adjusted when contractility is changed. Another point to be considered is that Hasenfuss et al. (9) obtained only two data points in each patient and pooled data from many patients. Our results bring into question this approach, since there is significant interindividual variation in the correlation between MOON and each of the predictors examined.
Conclusions.
The three predictors of MvoP show a slight dependency on afterload conditions and a larger dependency on contractile state. All indexes showed differences between their predicting ability for single hearts and for pooled data. This observation has been reported previously for the PVA index but not for E, or PWI because analysis of single hearts was not performed in previous studies. This finding stemmed from the fact that there was significant interanimal variability in the relationship between measured and predicted MOON for each of the indexes. Since there was no striking differences in their predictive ability, the utility of an index in the clinical setting is related to the ease of its employment. In this regard, Bretschneider's (4) Et is probably the easiest to measure of the three indexes if high fidelity ventricular pressures are available, since it only requires measurement of ventricular pressure (and calculated dP/ dt,,,), whereas measurement of volumes ( 
